Ras and Ras-related small GTPases are key regulators of diverse cellular functions that impact cell growth, survival, motility, morphogenesis, and differentiation.^[@ref1],[@ref2]^ Even while GTPases have been recognized as important targets of disease and intervention, there have been limited systematic efforts to identify small molecules that target GTPases.^[@ref3]^ GTPases toggle between GTP-bound active and GDP-bound inactive forms under the control of specific regulatory proteins that control the catalytic cycle.^[@ref2],[@ref4]^ Guanine nucleotide exchange factors (GEFs) facilitate exchange of GDP for GTP, causing GTPase activation. On the other hand, GTPase-activating proteins (GAPs) promote GTPase activity (hydrolysis of bound GTP to GDP), leading to inactivation of small GTPases.^[@ref2]^ In the GTP-bound active form, small GTPases interact with effector proteins to implement downstream signaling.^[@ref5]^ The GTPase catalytic cycle and effector protein interactions offer nodes for small molecule intervention for which there are examples of efficacy for select GTPases.^[@ref6]−[@ref10]^ To the best of our knowledge, however, all known small molecules act as antagonists.

Ras superfamily members contribute to oncogenesis, hereditary disorders, and infectious diseases when mutated or hyperactivated.^[@ref11],[@ref12]^ Mutant or hyperactivated Ras subfamily members are implicated in 30% of all human cancers because of their roles in cell signaling and are particularly prevalent in myeloid leukemia and pancreatic, lung, and colon carcinomas.^[@ref4],[@ref13]−[@ref15]^ Cancer cell proliferation, motility, and invasiveness have been linked to cytoskeletal rearrangements caused by increased levels of activation of Rho GTPases through overexpression or mutations in their regulatory GEFs- or GAPs.^[@ref5],[@ref16]−[@ref18]^ Altered expression or mutation of Rab proteins and/or their effectors underlies human diseases such as cancers, neuronal dysfunction, retinal degeneration, kidney disease, and immune and pigmentation disorders, based on their functions in endocytic membrane transport.^[@ref19]−[@ref22]^ While hyperactivated GTPases are considered attractive therapeutic targets, few clinical applications have been realized in humans, and Ras has only recently seen resurgence as a "druggable target".^[@ref3],[@ref23]−[@ref25]^

Loss of function or diminished GTPase activity is also associated with human diseases but has not yet been therapeutically considered. For example, a dominant negative missense mutation in Rac2 was found to interfere with both Rac1 and Rac2 function and cause impaired resistance to infection, while reduced Cdc42 activity has been found to be associated with Fanconi anemia.^[@ref26],[@ref27]^ Missense mutations in Rab GTPases or associated regulatory proteins are associated with immune dysfunction, pigmentation, or neurological disorders due to impaired GTPase function and/or functional insufficiency.^[@ref12],[@ref20],[@ref28]^ Thus, Ras and Ras-related GTPases are important targets for the development of small molecule agonists to complement known antagonists. Such agonists will aid studies of disease mechanism and serve as scaffolds for future therapeutics.

Genetic tools such as ectopic expression of wild type or mutant proteins, RNA interference, and CRISPR have enabled studies of Ras superfamily GTPase roles in molecular and cellular biology of diseases.^[@ref29]−[@ref32]^ However, these methods suffer from some disadvantages. Generating knockout cellular and animal models removes all the functions of the deleted gene,^[@ref33]^ is laborious, and may be lethal to the living systems.^[@ref34]^ Importantly, cells can also adapt to the genetic manipulations through compensatory responses.^[@ref34],[@ref35]^ Small molecule compounds can provide a rapid way to study the acute effects of activation or inactivation of target proteins. Such pharmacological agonists and antagonists often work reversibly enabling a washout experiment to reverse the effect.^[@ref36]^ While there are challenges to obtaining small molecule probes with the desired specificity, they provide excellent opportunities for measuring initial responses and for performing dose--response studies, as well as for testing impacts of perturbing only one of the functions of a multifunctional protein.^[@ref33]^ Recent reports describe methods for spatiotemporally controlling GTPase activation by chemically inducing a GTPase activator protein.^[@ref37],[@ref38]^ However, these methods require individual design of an inducible system for each target GTPase and extensive genetic engineering.

We previously systematically screened a library of approximately 200000 small molecules using flow cytometry-based high-throughput screening (HTS) to identify three chemical families of small molecule activators (agonists, or compounds that increase levels of GTP-bound GTPases) of Ras superfamily GTPases.^[@ref39]^ Virtual screening of a ChemDiv library identified additional compounds predicted to have GTPase activating properties. Here, compounds having the highest activities in confirmatory secondary dose--response assays are extensively characterized and found to increase the activities of Rho family GTPases in both *in vitro* and cellular assays. While this work presents indirect proof of binding of the small molecule activators to GTPases, microscale thermophoresis data indicate direct binding.

Results and Discussion {#sec2}
======================

Identification of Three Chemical Families of GTPase Activators {#sec2.1}
--------------------------------------------------------------

Sensitive and quantitative detection of an increase or decrease in fluorescence intensities with a high dynamic range makes the flow cytometry-based platform particularly advantageous for the screening of molecular libraries.^[@ref40]^ The application of this HyperCyt technology-based HTS enabled identification of activators of GTP binding by Ras and Ras-related GTPases ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)).^[@ref39]^ In this work, we have used the term "GTPase activator (or agonist)" to describe compounds causing an increase in the GTP-bound active forms of GTPases. An increased level of GTPase activation in the presence of a small molecule activator refers to an increase in GTP-bound GTPase levels, rather than an increase in GTPase enzyme (GTP hydrolysis) activity.

We screened a library of approximately 200000 small molecules from the Molecular Libraries Small Molecule Repository (MLSMR) for their activities against six small GTPases (Cdc42, Rab2, Rab7, activated Rac1Q61L, Rac1, and H-Ras) and reported on the composite results.^[@ref39]^ Special glutathione (GSH) bead sets having varied red fluorescence intensities at a fixed wavelength were used for multiplexing the screening process. Inhibitors as well as activators of GTPases were identified by measuring the effects of small molecules on the binding of a fluorescent GTP to individual GST--GTPase chimeras. The assays were performed in the presence of EDTA because it chelates Mg^2+^ and increases the nucleotide off rate, thereby facilitating nucleotide exchange. In total, 1877 hits were identified in this primary screen consisting of 165 compounds identified as activators and 573 compounds as inhibitors of one or more of six GTPases screened. On the order of 100--500 compounds were found to be active per GTPase target, enabling a comprehensive evaluation of small molecules active against various Ras-related GTPase family members. Results of this screen are summarized in the open access Pubchem database as required for projects conducted under the Roadmap Initiative (AID 757-761, 764).^[@ref39]^ Data from one 384-well plate with a single activator \[compound identification number (CID) 888706\] of 320 test compounds on the plate are represented in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf). Here, we selectively characterize the GTPase activators chemically and through biochemical and cell-based assays.

The most active agonists (log EC~50~ \> 6) had the general structure section A--linker L--section B and were clustered into three chemical families: nicotinic acids, indole acids, and salicylic acids ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c and [Tables S1--S4](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Analyses of the chemical core structures revealed that section A was confined to one of three aromatic rings: phenyl, pyridine, or indole with a carboxylic acid group directly bound to the aromatic ring. The linker was, in general, an aliphatic chain that was one to four atoms in length and frequently contained one or two heteroatoms (sulfur, nitrogen, and oxygen) or, in some cases, carbonyl, amidic, or ester groups. A phenyl ring was present in section B in most cases. The aromatic ring in section B was often unsubstituted, or substituted in the *ortho*, *meta*, or *para* positions in general with halogens, alkyl, methoxy groups, carbonyl, or nitro groups. Three lead compounds (CIDs 888706, 7345532, and 2160985), representative of three chemical families, were selected on the basis of their high measured activity and their three distinct scaffold structures ([Tables S1--S4](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)).

![Structures of lead compounds from three chemical families of GTPase activators. HTS and virtual screening identify three families of small molecule GTPase activators, having the general structure section A--linker L--section B (outlined by boxes). The lead compounds representing the (a) nicotinic acid, (b) indole acid, and (c) salicylic acid analogue families are depicted.](cb-2018-00038c_0001){#fig1}

Because molecules having similar shapes and physicochemical properties may exhibit similar bioactivity on a particular target,^[@ref41],[@ref42]^ the three lead compounds were used as queries in a virtual screen to identify other potential GTPase activators. A chemical library of 20509 compounds with a carboxylic acid group from ChemDiv was submitted to virtual screening using ROCS, resulting in the identification of 914 molecules after removal of duplicates and previously screened compounds. The virtual hit list was narrowed to 99 molecules by selecting those that were more structurally similar to activators identified in the HTS. Shape overlays of lead compounds from all three series demonstrate good overlap among these structures, which further suggests that these compounds can bind through similar modes to the GTPase targets ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)).

Secondary Dose--Response Assays Confirm Agonist Activities {#sec2.2}
----------------------------------------------------------

Secondary dose--response assays were performed on a total of 1281 unique compounds, which included both activator and inhibitor hits from HTS and the predicted activators from ChemDiv screening, to confirm activity and determine potency. Along with six GTPases used in the primary HTS, these compounds were additionally tested against activating H-RasG12V and Cdc42Q61L mutants in a flow cytometry-based dose--response assay performed in EDTA-containing buffer. A total of 215 hits were obtained with an average confirmation rate of 6.5%, with 77 compounds acting as inhibitors (data not shown) and 43 acting as activators of GTP binding ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Of these 43 activators, 22 were identified from the HTS and 21 were identified by virtual screening. EC~50~ values of these compounds were in the range of 10 nM to 100 μM for individual members of the Ras superfamily of GTPases ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). While all three lead compounds (designated by asterisks) were high-affinity pan activators ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d), other members of the SAR series have some GTPase selectivity (e.g., CID 16194519 on activated H-RasG12V, CID 3744270 on Rac1wt, CID 3538522 on Rab2 and Rab7, and CIDs 7721337 and 1508555 on Rab7), denoted by arrows ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

![Heat map and dose--response curves showing small molecule agonists active against GTPase targets. (a) Activity (−log EC~50~) heat map of 43 compounds, representing three families (nicotinic acids, indole acids, and carboxylic acids), that activate GTP binding on the eight indicated GTPases. Blue reflects the best biological activity measured as increased *in vitro* nucleotide binding activity, whereas red reflects a lack of activity. CID numbers of compounds tested in dose--response assays are given (modified from Probe Report^[@ref39]^). CID numbers with asterisks indicate lead compounds from each of the three chemical families, and arrows indicate compounds with GTPase-selective activity. (b--d) Representative dose--response assays of the three lead compounds on six indicated GTPase targets. Assays were performed in the presence of 100 nM BODIPY-GTP and EDTA and varying concentrations of small molecule activators using proteins bound to red fluorescent glutathione beads of differing intensities. wt indicates wild type GTPase, and act indicates activated mutant GTPase. Mutants include H-RasG12V, Rac1Q61L, and Cdc42Q61L.](cb-2018-00038c_0002){#fig2}

Rho Family GTPase Activation by Small Molecule Activators {#sec2.3}
---------------------------------------------------------

To characterize the effects of the identified activators on GTPase--GTP binding, we measured the kinetics of binding of BODIPY-GTP to Rac1 and Cdc42 in the presence of DMSO or one of the lead activator compounds, 888706. Kinetic binding measurements with Cdc42-conjugated beads in the presence of 1% DMSO resulted in concentration-dependent binding of BODIPY-GTP that plateaued and reached equilibrium after ∼200 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). In contrast, the addition of 10 μM activator increased binding activity of BODIPY-GTP above DMSO levels with a continued upward trajectory beyond 200 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![Small molecule activators increase nucleotide binding affinity, resulting in additional bound GTP over time and slowed dissociation of GTP. (a and b) Cdc42-conjugated beads were preincubated for 3 min with 1% DMSO and 10 μM activator 888706, respectively. Association binding of indicated concentrations of BODIPY-GTP to the Cdc42-conjugated beads was measured by following the fluorescence on the beads as a function of time. Cdc42-conjugated (c) and Rac1-conjugated (d) beads were preincubated with DMSO or 10 μM activator 888706. The fluorescence on the beads was measured as a function of time following the addition of 200 nM BODIPY-GTP. Dissociation of BODIPY-GTP was initiated via addition of GTP (200 μM final concentration) at 170 s (c) or 300 s (d). Plotted are mean channel fluorescence (MCF) values vs time in seconds, with the measured data as dots and lines for the calculated fits by one-state (DMSO) or two-state (with activator) binding models (see the text for details) (*n* = 2). Note that because of instrument setting differences, MCF values for Rac1-conjugated beads were higher. (e) Dissociation of BODIPY-GTP from Cdc42-conjugated beads was monitored after preincubation with 10 μM activator 888706 and 200 nM BODIPY-GTP binding for the indicated times. Plotted are MCF values vs time after the addition of 200 μM GTP.](cb-2018-00038c_0003){#fig3}

Because the approach to equilibrium is governed by the off rate, dissociation binding assays were performed with beads conjugated to Cdc42 or Rac1. Excess nonfluorescent GTP was added to initiate dissociation of bound BODIPY-GTP. Rapid dissociation was observed for both GTPases in the DMSO controls ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d). Fitting the dissociation data by nonlinear regression to a one-state binding model yielded off rates of 0.013 and 0.010 s^--1^ for Cdc42 and Rac1, respectively. Dissociation of fluorescent GTP in the presence of the activator commenced at a higher occupancy (more bound GTP), was slower, and did not fit a one-state binding model when applied over the same time frames as the DMSO controls. Therefore, dissociation of BODIPY-GTP from Cdc42-conjugated beads was studied over longer times to explore the possibility of heterogeneous BODIPY-GTP binding in the presence of the activator. Cdc42-conjugated beads were preincubated with 10 μM 888706; BODIPY-GTP was allowed to associate for 10--120 min, and then dissociation kinetics of BODIPY-GTP were measured ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). One-state fits gave a systematic error ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Statistical comparisons between the one-state and two-state fits in GraphPad Prism using the extra sum-of-squares *F* test with a *P* value of \<0.05 established the two-state fit as the preferred model ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). In a "global" analysis, in which all dissociation curves were fit with the same rates, two components were identified: a slow off rate state (higher nucleotide affinity) and a fast off rate state (lower nucleotide affinity). After BODIPY-GTP binding for 10 min, ∼64% slow state (0.0019 s^--1^) and 36% fast state (0.013 s^--1^) were estimated. The fast component tended to decrease with longer BODIPY-GTP association times (i.e., after binding of BODIPY-GTP for 120 min, only 26% fast state was present). The half-time for interconversion between fast and slow states was estimated to be ∼5 h. On the basis of these observations, the dissociation data in the presence of activator in panels c and d of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} were fit using nonlinear regression to a two-state binding model. This fitting included the constraints that one state was fit with equivalent off rates calculated from the DMSO controls, which at 0.013 s^--1^ for Cdc42 was the same in both experiments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,e), with the baseline plateau being the same as DMSO controls. The resulting off rates calculated from the proposed biphasic dissociation in the presence of activator over minutes in panels c and d of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} are entirely consistent with the evolution of the off rates over hours in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e. One possible explanation for binding heterogeneity is a slow concerted (rather than independent) binding of the nucleotide and activator in which interconvertible states depend upon initial conditions (mixture of nucleotide-bound and apo states, divalent cation binding, and, conformational flexibility of the protein).

We performed further equilibrium binding studies to characterize two representative activators from each chemical family. We selected the compounds with the highest stimulatory activities in the dose--response assays, optimal solubility (log *S* = −4.5 to −3.5) and membrane permeability (log *P* \< 5) ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). We varied the concentration of the fluorescent GTP across the *K*~d~ range and measured the new apparent *K*~d~ and apparent *B*~max~ values using two different concentrations of each activator (1 and 10 μM) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf) shows equilibrium binding to Rab7). Assays performed in the presence of 1% DMSO served as the control, and unconjugated glutathione "scavenger" beads were included as a sink to capture any free GST--GTPases released from the bead sets during the assay and to avoid scrambling of the bead sets. As shown graphically in [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf) and numerically in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf), the apparent *K*~d~ decreased by 1.2--3.1-fold. The effect was most pronounced for the Rho family GTPase Cdc42 and minimal for Rab and Ras GTPases. It is important to note that the biphasic dissociation rates give rise to apparent *K*~d~ values that reflect the heterogeneity of two dissociation rates and the percentages of different affinity states present. Thus, even at high activator concentrations, the *K*~d~ does not vary in proportion to the ratio of the two dissociation rates. The apparent *B*~max~, which represents the maximal fluorescent nucleotide binding, increased 1.2--1.8-fold in the presence of all activators relative to the DMSO control ([Table S1 and Figure S4b](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). A general assessment of the complex guanine nucleotide binding is that the presence of the activator results in the GTPase exhibiting greater affinity for the guanine nucleotide. A change in magnesium coordination was suggested by docking studies in the presence of allosteric carboxylate inhibitors.^[@ref43]^ We speculate that the activators may stabilize GTP binding through a similar Mg^2+^-mediated mechanism.

Small Molecule Activators Have No Effect on GEF or GAP Activities {#sec2.4}
-----------------------------------------------------------------

The lead compounds are pan GTPase activators and exhibited a robust activation of Rho family GTPases. Therefore, the remainder of the analyses were focused on Rho family GTPases. *In vivo*, all GTPases depend on GEFs for conversion to the GTP-bound state and on GTPase-activating proteins (GAPs) for inactivation through stimulated GTP hydrolysis. To test the possibility that the compounds might serve as activators through a GEF-like mechanism, we measured the *in vitro* nucleotide exchange of purified Cdc42 in the presence of the compounds, as compared to nucleotide exchange mediated by the RhoGEF catalytic Dbs domain. The addition of the Dbs GEF significantly stimulated the release of \[^3^H\]GDP from Cdc42, and basal levels of Cdc42--\[^3^H\]GDP were attained in \<2 min ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). On the other hand, exchange of \[^3^H\]GDP on Cdc42 upon addition of activating compound 888706 resembled the negative DMSO control ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). For all the activator compounds tested, near-complete nucleotide exchange took much longer (100--137 min) than Dbs GEF-catalyzed exchange did (1.5 min) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Furthermore, the small molecule activators did not alter GEF-mediated nucleotide exchange, as seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. This suggests that the molecules act as activators by stabilizing the GTP-bound form rather than by enhancing GDP dissociation and stabilizing the nucleotide-free form as GEF proteins do.^[@ref44]^ We then tested if the activating properties of the compounds could be attributed to inhibition of GTP hydrolysis. Colorimetric phosphate release assays demonstrated that GAP-dependent and GAP-independent GTP hydrolysis rates of Rac1 and RhoA were not affected in the presence of the activator compounds ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

![Small molecule activators enhance effector protein binding but do not perturb GEF or GAP activities. (a and b) Dbs RhoGEF assay monitoring release of bound \[^3^H\]GDP from purified Cdc42 as detailed in [Methods](#sec3){ref-type="other"}. Panel a shows the percentage of initial \[^3^H\]GDP remaining bound to Cdc42 (∼0.04 nM) (average of 3950 ± 475 cpm/sample at *t*~0~) as a function of time after addition of excess unlabeled GTP in the presence of 200 nM Rho Dbs GEF alone, DMSO, or small molecule activators (*n* = 3). Panel b shows the best fit for GDP dissociation following additions of the Dbs GEF or activator compound determined using two-phase exponential decay (*Y* = *P*~1~e^--*K*~1~*t*^ + *P*~2~e^--*K*~2~*t*^, where *P*~1~ + *P*~2~ = 100). Panel c shows \[^3^H\]GDP remaining bound to Cdc42 (∼0.04 nM) 20 min after addition of excess unlabeled GTP to samples, in the presence of the indicated activator and in the absence (−) or presence (+) of 200 nM Rho Dbs GEF. Samples treated with only DMSO served as negative controls (*n* = 2). (d) Purified Rac1 or Rho GTPases (17.8 μM) were incubated for 15 min in the presence of small molecule activators and 200 μM GTP prior to the addition of purified RhoGAP (5.5 μM). GTP hydrolysis was measured at 650 nm based on colorimetric detection of phosphate release after 20 min (*n* = 2). (e) PAK effector binding was used to measure Rac1 activation status. Purified His-Rac1 (80 ng) was briefly preincubated with compounds (0--12.5 μM); 125 nM GTPγS was added, and active Rac1 was isolated by binding to 5 μg GST-PAK-PBD immobilized on GSH beads. Bound active Rac1 was detected by immunoblotting. The top panel shows a representative immunoblot (previously shown in Figure 3A of Probe Report^[@ref39]^), and the bottom panel shows quantification of dose-dependent activation for three compounds (*n* = 1).](cb-2018-00038c_0004){#fig4}

The effects of activator compounds on GTPase--effector interactions were measured by taking advantage of the exquisite selectivity with which effector proteins bind to only the GTP-bound, active GTPases.^[@ref2],[@ref5]^ GTP-bound Rac1 and Cdc42 interact with a common effector, the serine/threonine p-21 activated kinase (PAK), via the highly conserved Cdc42/Rac interactive binding (PBD or CRIB) motif of PAK.^[@ref45]^ Purified GST-tagged PAK--PBD immobilized on glutathione beads was used to pull down and quantify the fraction of Rac1 in the active form (GTP-bound) in response to incubation with the three lead compounds in each family. His-Rac1 was incubated with increasing concentrations of each compound (0--12.5 μM) in the presence of GTP-γ-S to prevent nucleotide hydrolysis and changes in effector binding during the assay. The fraction of active His-Rac1 was detected using immunoblot analyses. Quantification of the immunoblots showed a dose-dependent increase in the level of Rac1 activation in the presence of increasing amounts of each compound ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Thus, the small molecule activators increase the fraction of GTPase in the active conformation, which can be quantified by effector protein interaction. The compounds are predicted to bind to an allosteric site, resulting in increased nucleotide affinity observed experimentally as a decreased *K*~d~ and stabilization of the active conformation. Taken together, the data suggest that the compound binding site is likely distinct from both the GEF and GAP binding sites, but binding results in stabilization of the activated, GTP-bound state possibly through a pocket adjacent to the nucleotide.^[@ref43]^

Small Molecule Activators Increase the Size of the Pool of Active GTP-Bound Rac in Cell-Based Assays {#sec2.5}
----------------------------------------------------------------------------------------------------

Previously, we found that R-naproxen, which was detected as a Rac1 and Cdc42 activator in the primary HTS screen, was in fact an inhibitor of Rac1 and Cdc42 in a cellular setting.^[@ref43]^ These findings clearly demonstrate that it is critical to assess activities of compounds identified through HTS in cell-based assays to establish whether they act as agonists or antagonists under physiological conditions and in a cellular context.

We assessed the activity of the lead compounds in cells by testing the changes in the pool of active GTPases in the presence and absence of the compounds. Having predicted log *S* and log *P* values of all three lead activators that were consistent with aqueous solubility and membrane permeability, we anticipated utility in cell-based assays. We used HeLa and Swiss 3T3 cells for these studies because the robust Rac1 activation induced by EGF stimulation in these cells serves as an excellent positive control.^[@ref46]−[@ref48]^ Active Rac1-GTP levels in lysates of HeLa cells treated with the activator compounds were quantified by capture on GST-PAK-PBD-coated beads, and subsequent analysis by flow cytometry to determine Rac1-GTP levels at various doses of each compound ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Treatment with ≥1 μM doses of all the compounds tested caused an increased level of Rac1 activation comparable to that of EGF-stimulated positive control samples. Robust Rac1 activation was also observed in Swiss 3T3 cells with either activator 888706 or EGF stimulation ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Quantification via GLISAs demonstrated Cdc42 activation in Swiss 3T3 cells at two doses by representative members of each of the three chemical families through PAK binding ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Overall, the lead compounds from all three chemical families of activators caused robust increases in the levels of GTP-bound forms of both Rac1 and Cdc42 GTPases in cell-based assays.

![Small molecule activators lead to Rac1 and Cdc42 activation in cell-based assays. (a) Rac1 activation measured in an effector binding, bead-based flow cytometry assay. HeLa cells were serum starved overnight and then treated with DMSO (basal GTPase activity control -- resting), activator compound, or 100 ng/mL EGF (stimulated positive control) for 2 min. Four activator compounds were tested at four concentrations each in the range of 0.1--100 μM (*n* = 2). Plotted are fold changes in Rac1-GTP levels in cells treated with compounds or EGF relative to those in resting cells. (b) Cdc42 activation measured in a GLISA. Swiss 3T3 cells were serum starved overnight and then treated with the indicated concentrations of the activator compounds. After serum starvation, control cells were treated with DMSO (vehicle) and stimulated with 100 ng/mL EGF for 2 min. Three lead compounds each were tested at 3 and 30 μM (*n* = 2). The baseline level Cdc42-GTP detected in resting cells was set to zero and subtracted from all values.](cb-2018-00038c_0005){#fig5}

Small Molecule Activators Increase Rho Family GTPase-Modulated Responses in Cell-Based Assays {#sec2.6}
---------------------------------------------------------------------------------------------

Inside cells, binding to small molecules might differentially impact downstream GTPase-mediated signaling through effector proteins. Burns et al. reported that small molecules that increased cellular levels of Ras-GTP negatively governed signaling output.^[@ref49]^ Therefore, after observing increases in Rac1-GTP and Cdc42-GTP levels in the cells treated with the small molecule activators, we further investigated effects on downstream Rho family GTPase-modulated cellular responses. The Rho family GTPases play important roles in morphological transformation and migration of cells through governance of actin cytoskeleton rearrangements. While RhoA is most often associated with actin stress fiber regulation, Rac1 promotes actin polymerization at the leading edge and orchestrates the formation of lamellipodia and membrane ruffles Cdc42 nucleates peripheral actin microspikes and filopodia.^[@ref48],[@ref50]^ To characterize the morphologic responses to the three activator families, we utilized the rat basophilic leukemia cell line (RBL-2H3). RBL-2H3 intracellular signaling, cell ruffling, and spreading responses are readily monitored by ligand-stimulated activation of the IgE receptor, FcεRI, and are known to be highly dependent on Rac1 and Cdc42.^[@ref51],[@ref52]^

RBL-2H3 cells were left untreated, ligand stimulated with dinitrophenyl bovine serum albumin (DNP-BSA), or incubated with 888706 (10 μM). Live cell imaging and fixed cell imaging were used to monitor and quantify cell shape changes, along with actin rearrangements related to ruffling and spreading. Treatment of resting RBL-2H3 cells with 888706 caused a remarkable transformation in cell surface topography and shape, including flattening, an increase in surface area, and formation of lamellipodia and microspikes ([Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). This response was analogous to what is observed when cells are stimulated by cross-linking of FcεRI with DNP-BSA ligand and quite distinct from that of DMSO-treated control resting cells (*t* = 0) ([Figure S7a,b](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Resting RBL-2H3 cells treated with a Rac GTPase inhibitor (781112) showed no change in morphology and completely abrogated normal cell shape changes in response to ligand-mediated activation.^[@ref53]^ Strikingly, the addition of the inhibitor 781112 to cells prior to or after they had been initially stimulated with 888706 caused cells to sequentially lose their lamellipodia, retract from the substrate, and become progressively more round as they returned to a resting cell morphology within 75 min of inhibitor addition ([Figure S7c](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). On the basis of the reactive chemical structure of inhibitor 781112, we speculate that it may act as an irreversible inhibitor. The data suggest small molecule-mediated activation is reversible.

Confocal analyses of actin rearrangements, another cell-based measure of Rho family activation, revealed that RBL-2H3 cells treated with six different activators (two from each chemical family), analogous to ligand-stimulated (DNP-BSA) cells, were flattened significantly with the cell height decreasing on average 2-fold as compared to that of DMSO controls ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, *x*--*z* view). Cells lost their spherical appearance and became spread and elongated on the substratum, with actin becoming localized to the cell perimeter, leading edge, and protrusions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, *x*--*y* view). Thus, cell activation in response to tested GTPase activators occurred rapidly (0--60 min) and on a time scale similar to that of ligand-stimulated receptor activation.

![Small molecule activators induce Rho family GTPase-dependent morphologic changes in cells. (a) Resting RBL-2H3 mast cells were treated with DMSO (negative control, *t*~0~), stimulated with ligand (DNP-BSA) to activate (positive control), or treated with two representative compounds (10 μM) from each of the three chemical families. Samples were fixed and stained with rhodamine phalloidin to visualize the actin cytoskeleton. Individual panels show *x*--*y* and *x*--*z* views of representative cells (*n* = 3). Bars are 10 μm. (b--g) Cell-based dose--response assays conducted across a dose range of 0.03--30 μM. Cell activation was quantified as an increase in cell area due to cell flattening. Four micrographs were counted for each condition taken at 40× magnification representing approximately 60--200 cells counted per condition. Untreated and DMSO-treated cells served as negative controls. DNP-BSA-stimulated cells provided a measure of maximal activation (*n* = 3).](cb-2018-00038c_0006){#fig6}

We capitalized on the sensitivity of RBL-2H3 morphologic changes to monitor cell activation to perform cellular dose--response assays (0.03--30 μM) on two compounds from each of the three chemical families ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b--g). Increases in cell area were used to quantify cell flattening in response to GTPase activator treatment; untreated cells and cells treated with 1% DMSO served as negative controls. DMSO treatment alone caused some cell flattening relative to untreated controls ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b--g). Because all compounds were administered in 1% DMSO, this control served as the baseline for monitoring the additional cell response in the presence of the compounds. All six compounds yielded maximal cell flattening at concentrations of 30 μM ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b--g). The two nicotinic acid compounds had potencies in the range of 10--30 μM ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c), while the indole acid ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d,e) and salicylic acid ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f,g) compounds activated cells at submicromolar doses (0.03--0.1 μM). Taken together, the data demonstrate stimulatory activities on Rac-regulated cell signaling and actin remodeling by representative members of all three GTPase activator families.

To conclude, we have characterized the mechanism of action of representative novel small molecule activators that bind to Ras superfamily GTPases and stabilize the GTP-bound active form both *in vitro* and under physiologic conditions in cells. We primarily present indirect proof of activator binding. Initial microscale thermophoresis ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)) analyses support direct binding, and the measured *K*~d~ of 90 nM for compound 888706 on Cdc42 is in excellent agreement with the 100 nM IC~50~ value calculated via the flow cytometric data ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). Further studies are underway to investigate how these activators bind to small GTPases. The identified lead compounds provide scaffolds from which more selective activators (exemplified by CIDs 16194519, 3744270, and 3538522 with emerging GTPase selectivity) might be developed. The activators are of particular interest for research and translational studies of inherited and infectious diseases in which diminished GTPase activities cause immune dysfunction, Fanconi anemia, and neurological disorders.^[@ref20],[@ref27],[@ref54]^ Importantly, such specific and pan GTPase activators could provide advantages over genetic methodologies in cell-based assays, for measuring the initial and/or acute response of reversibly altering activities of GTPases. Furthermore, these molecules provide a scaffold for structure-based design of agonists against Rho family GTPases to complement existing antagonists or inhibitors. A similar strategy has proven to be extremely effective for studying and therapeutically targeting G-protein-coupled receptors.^[@ref55]^ As Ras superfamily GTPases gain increasing traction as viable targets for further probe and drug discovery, our studies provide a chemical platform for the rational design of selective activators of key Ras superfamily members that could represent a boon for an improved understanding of the biology and pharmacology of small GTPases.

Methods {#sec3}
=======

Effect of Activators on Dbs RhoGEF Activity {#sec3.1}
-------------------------------------------

GSH beads {see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf); 100 μL of beads centrifuged and resuspended in 50 μL of NP-HPS buffer \[0.01% NP-40, 30 mM HEPES (pH 7.5), 100 mM KCl, and 20 mM NaCl\] containing 1 mM EDTA} were incubated with purified GST-Cdc42 wt (10 μL of a 1 mg mL^--1^ solution) overnight at 4 °C. On the basis of the number of binding sites per bead, a total of 0.03 pmol of Cdc42 is bound to the beads used in the assay. For nucleotide loading, beads were washed with NP-HPS buffer containing 1 mM EDTA, 0.1% BSA, and 1 mM DTT and resuspended in 100 μL of NP-HPE buffer (10 mM EDTA in NP-HPS) for 20 min at 30 °C. The nucleotide was depleted by sequential washes with NP-HPS, after which bead-immobilized Cdc42 was incubated with 10 μCi of \[^3^H\]GDP and 1 μM GDP in the presence of 1 mM EDTA (in NP-HPS buffer) for 20 min at 30 °C. To prevent the dissociation of the tritiated guanine nucleotide from Cdc42, MgCl~2~ was added until a final concentration of 20 mM was reached.

The ability of the activator compounds to promote nucleotide exchange and their impact on GEF activity were tested by measuring dissociation of \[^3^H\]GDP from Cdc42 over time with or without GEF protein present. To test whether activator compound binding promotes nucleotide exchange ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), the following assay was used. DMSO alone, 10 μM activator compounds (10 min preincubation at room temperature before the addition of GTP), or 200 nM His-DBS was added to aliquots of bead-immobilized Cdc42 preloaded with \[^3^H\]GDP. The Cdc42 concentration in the final assay volume was ∼0.04 nM. The GDP/GTP exchange reaction was conducted in GEF buffer (NP-HPS with 1 mM EDTA, 5 mM MgCl~2~, 0.1% BSA, and 1 mM DTT). The initial \[^3^H\]GDP-Cdc42-bound radioactivity was measured prior to addition of unlabeled GTP, while exchange was initiated with the addition of 250 μM GTP (final concentration). The reactions were stopped when the mixtures were transferred to ice at indicated time points (0--30 min), and the amount of \[^3^H\]GDP remaining bound to the Cdc42 beads was measured. To determine whether the GTPase-bound, small molecule activators have an impact on GEF activity, we tested nucleotide exchange in the presence of the compounds and GEF ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). \[^3^H\]GDP was loaded onto bead-immobilized Cdc42. Beads were washed and resuspended in GEF buffer, and 100 μL aliquots were preincubated with 1% DMSO alone or 10 μM compound in 1% DMSO for 10 min at room temperature to allow compound binding. Subsequently, 200 nM His-DBS (DH/PH domain) was added. The GDP/GTP exchange reaction was initiated with the addition of 250 μM GTP (final concentration), and reactions were stopped when the samples were transferred to ice after a 20 min incubation at 30 °C. Following termination of both assays, bead-bound Cdc42 was collected by centrifugation and washed twice with ice-cold GEF buffer, and the remaining radioactivity was measured. The bead-associated radioactivity was measured by scintillation counting. A single-phase exponential decay model was used to fit the nucleotide exchange data in the presence of the Dbs GEF. A two-phase exponential decay model was used to fit the data as a combination of fast and slow exponential decays for the compounds. The equation used is *Y* = *S*~1~e^--*K*~1~*t*^ + *S*~2~e^--*K*~2~*t*^, where *S*~1~ + *S*~2~ = 100. The Gauss--Newton algorithm was used to estimate the parameters by minimizing the sum of squares of errors between the data and model predictions. The analyses were performed using statistical software R version 3.4.4.

GAP Assay {#sec3.2}
---------

RhoGAP activity on RhoA and Rac1 GTPases was measured using purified proteins in the presence and absence of compounds using the assay from Cytoskeleton, Inc. (catalog no. BK105), per the manufacturer's instructions. Compounds were preincubated with the GTPase (17.8 μM) for 15 min prior to the addition of RhoGAP (5.5 μM). Phosphate release was measured colorimetrically and read on a SpectraMax plate reader at 650 nm (Molecular Devices, Sunnyvale, CA). A phosphate standard curve was used to calculate GTPase activity (nanomoles of P~i~ per minute per milligram).

Cell Dose--Response Measurements Based on Cell Shape Changes {#sec3.3}
------------------------------------------------------------

RBL-2H3 cells were left untreated or treated with DMSO \[negative controls, treated with 1 mg mL^--1^ DNP/BSA (positive control)\] or incubated in the presence of 0.03--10 μM compound. Cells were fixed and processed for immunofluorescence and stained with rhodamine phalloidin to visualize actin, antibodies against Pak or Rac, and Hoechst to label nuclei. Three images were taken at 40× magnification of each condition using a Zeiss Axioskop instrument fitted with an Axiocam digital camera. Digital images were imported into MATLAB for assessment of cell area and perimeter ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf)). The following steps were performed to obtain a quantitative estimate of the two cell parameters for RGB to gray transformation of images followed by transformation to black and white images using an automatically computed threshold. In the black and white images, the boundaries were detected automatically by differentiating between zero pixels for the background and non-zero pixels for the objects. With delimited boundaries, the area and perimeter were computed by counting the pixels for each object.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acschembio.8b00038](http://pubs.acs.org/doi/abs/10.1021/acschembio.8b00038).Supplementary Methods; reagents and cell lines, mass spectrometry confirmation of purchased compounds, multiplexed primary screens and statistical analyses, virtual screening and structural analysis, dose--response measurements and selection criteria for active compounds, Rac1 activation assays, live cell microscopy, immunofluorescence staining and microscopy, SAR for three chemical families of GTPase activators, and statistical analyses (Figures S1--S10, respectively); and Tables S1--S4 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acschembio.8b00038/suppl_file/cb8b00038_si_001.pdf))
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